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Abstract
There has been a growing interest in smart actuators typified by conducting polymer actuators, especially in
their (i) fabrication, modeling and control with minimum external data and (ii) applications in bio-inspired
devices, robotics and mechatronics. Their control is a challenging research problem due to the complex and
nonlinear properties of these actuators, which cannot be predicted accurately. Based on an input-shaping
technique, we propose a new method to improve the conducting polymer actuators' command-following
ability, while minimizing their electric power consumption. We applied four input functions with smooth
characteristics to a trilayer conducting polymer actuator to experimentally evaluate its command-following
ability under an open-loop control strategy and a simulated feedback control strategy, and, more importantly,
to quantify how the type of input function affects the dynamic response of this class of actuators. We have
found that the four smooth inputs consume less electrical power than sharp inputs such as a step input with
discontinuous higher-order derivatives. We also obtained an improved transient response performance from
the smooth inputs, especially under the simulated feedback control strategy, which we have proposed
previously [X Xiang, R Mutlu, G Alici, and W Li, 2014 "Control of conducting polymer actuators without
physical feedback: simulated feedback control approach with particle swarm optimization', Journal of Smart
Materials and Structure, 23]. The idea of using a smooth input command, which results in lower power
consumption and better control performance, can be extended to other smart actuators. Consuming less
electrical energy or power will have a direct effect on enhancing the operational life of these actuators.
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There has been a growing interest in smart actuators typified by conducting polymer 
actuators especially in their (i) fabrication, modeling and control with minimum external data and 
(ii) applications in bio-inspired devices, robotics and mechatronics. Their control is a challenging 
research problem due to the complex and nonlinear properties of these actuators which cannot 
be predicted accurately. Based on an input shaping technique, we propose a new method to 
improve the conducting polymer actuators’ command following ability, while minimizing their 
electric power consumption. We applied four input functions with smooth characteristics to a 
tri-layer conducting polymer actuator to experimentally evaluate its command following ability 
under an open-loop control strategy and a simulated feedback control strategy, and more 
importantly to quantify how the type of the input functions affects the dynamic response of this 
class of actuators. We have found that the four smooth inputs consume less electrical power than 
sharp inputs such as a step input with discontinuous higher order derivatives. We also obtained an 
improved transient response performance from the smooth inputs, especially under the simulated 
feedback control strategy, which we have proposed previously [13]. The idea of using a smooth 
input command, which results in  lower power consumption and better control performance, can 
be extended to other smart actuators. Consuming less electrical energy or power will have a direct 
effect on enhancing the operational life of these actuators. 
1. Introduction 
Conducting	 polymers	 are	 one	 of	 a	 type	 of	 electrically	 actuated	 polymeric	
materials	known	as	electroactive	polymers	(EAPs).	The	actuators,	which	are	made	
of	conducting	polymers,	and	hence	called	 ‘conducting	polymer	actuators’	(CPAs),	
are	 a	 promising	 class	 of	 smart	 actuators	 suitable	 for	 	 many	 cutting‐edge	
applications	 in	 robotics	 and	 biomedical	 systems.	 Recently,	 significant	 research	
efforts	have	been	dedicated	to	their	synthesis,	modeling	and	control	due	to	their	
useful	 characteristics	 such	 as	 being	 lightweight,	 having	 biocompatibility,	 using	
minimal	 power	 consumption	 and	 the	 ability	 to	 operate	 in	 aqueous	 and	
non‐aqueous	media	[1‐4].	




ii)	 establishing	 inversion‐based	 feedforward	 control	 approaches	 without	 using	
externally	 provided	 feedback	 data	 [7‐15].	 Compared	 to	 a	 conducting	 polymer	
actuator,	the	sensor	used	in	the	first	approach	is	extremely	large,	which	limits	the	
CPAs’	application	and	brings	extra	complexity	and	cost.	The	latter	approach	does	
not	 require	 a	 bulky	 feedback	 sensor	 but	 depends	 strongly	 on	 an	 accurate	
mathematical	model	of	the	actuator.	Nevertheless,	the	actuators’	accurate	model	is	






backbone,	 the	 actuator’s	 life	 depends	 on	 the	 electrical	 power	 applied	 to	 it.	 As	 a	
result,	it	is	desirable	to	minimize	the	electrical	energy	applied	to	these	actuators.	
In	 this	 paper,	 we	 propose	 to	 use	 various	 input	 functions	 to	 drive	 trilayer	
polymer	actuators,	which	operate	in	air,	in	order	to	evaluate	how	the	continuity	of	
the	input	command	affects	the	dynamic	response	of	the	actuators.	With	reference	
to	 the	 experimental	 results	 presented	 in	 this	 study,	 one	 obvious	 effect	 is	 the	
minimum	electrical	power	consumed	under	smooth	 inputs,	which	 is	expected	 to	
extend	the	operational	life	of	the	actuators.	We	have	used	a	step	input,	a	harmonic	
input,	 a	 cycloidal	 input,	 an	 exponential	 input	 and	 a	 ramp	 input	 to	 evaluate	 the	
command	 tracking	 ability	 of	 the	 actuators	 under	 open	 loop	 control	 and	 a	
simulated	feedback	control	approach,	on	which	we	have	reported	recently	[13].	In	
the	simulated	feedback	control	method,	we	employed	a	PID	controller	whose	gains	
are	 determined	 by	 a	 particle	 swarm	 algorithm	 in	 order	 to	 optimize	 the	 control	
system	performance.	To	the	best	of	our	knowledge,	this	is	the	first	time	to	report	





We	 employ	 the	 five	 input	 signals	 under	 open‐loop	 control	 and	 evaluate	 their	
dynamic	 response	 in	 Section	 V.	 How	 the	 input	 functions	 affect	 the	 dynamic	
response	 of	 the	 CPA	 under	 the	 simulated	 feedback	 is	 presented	 in	 Section	 VI.	
Section	VII	provides	the	experimental	results	for	the	CPA’s	steady	state	response.	A	




Poplypyrrole	 (PPy)	 is	 one	 of	 the	 most	 popularly	 used	 EAP	 material	 for	
actuators	because	of	its	larger	strains	and	low	or	medium	stress	and	their	ability	








As	shown	 in	Figure	2,	when	a	potential	difference	 is	applied	 to	 the	actuator	
via	platinum	contacts,	 the	PPy	on	positive	electrode	is	oxidized	and	on	the	other	
hand,	 the	 negatively	 charged	 PPy	 layer	 is	 reduced.	 The	 TFSI‐	 anions	 in	 the	











Figure	 3	 shows	 the	 experimental	 setup.	 The	 displacement	 of	 the	 CPA	 is	
measured	and	recorded	by	a	laser‐based	displacement	sensor.	 	
PVDF Polyprrole Au 












various	 applications	 [18‐21].	 In	 this	 study,	 we	 evaluate	 the	 effect	 of	 the	 input	





A	step	 input	 is	 a	discontinuous	 function	 to	command	 the	actuator	 from	one	
configuration	 to	 another.	 Smoother	 functions	 can	 be	 used	 to	 command	 the	
actuator	to	a	desired	configuration.	The	simplest	of	them	is	a	ramp	function,	which	
has	a	constant	velocity	(derivative	of	the	position	input)	and	can	be	described	by	
Eq.1.	However,	 this	 function	has	a	disadvantage	of	 an	 infinite	acceleration	at	 the	
beginning	and	the	end	of	the	input.	On	the	other	hand,	the	harmonic	and	cycloidal	
functions	 described	 by	 Eq.	 2	 and	 Eq.	 3,	 respectively,	 eliminate	 the	 infinite	
accelerations	 at	 the	 boundaries	 of	 the	motion.	We	 have	 also	 selected	 a	 function	
including	 exponential	 element	 described	 by	 Eq.4.	 This	 function	 has	 an	 infinite	
acceleration	velocity	at	 the	beginning	of	 the	excitation	but	 its	velocity	decreases	
over	time,	resulting	in	zero	acceleration	at	the	end	of	the	input	command.	We	call	
it	exponential	function	in	this	paper.	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (1)	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	








































































































































	 	 	 	 	 	 	 	















































be	 identical.	 In	 this	 way,	 we	 implement	 a	 closed‐loop	 control	 algorithm	 without	 any	
physical	feedback	sensor.	It	must	be	noted	that	the	control	performance	depends	on	the	




A	range	of	models,	 from	a	 second‐order	 to	 a	 sixth‐order,	 is	 considered	 to	 establish	 an	
accurate	mathematical	model.	We	have	found	that	the	second	order	model	with	a	time	
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	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (6)	
4.1.2 Particle Swarm Optimization for Tuning PID Gains 
We	employ	a	particle	swarm	optimization	(PSO)	to	obtain	the	optimized	PID	gains	
for	 the	 controller	 in	 the	SFC.	PSO	 is	 an	evolutionary	 computation	 technique	 to	 solve	 a	
nonlinear	optimization	problem.	 In	this	algorithm,	a	number	of	particles	 is	placed	 in	a	
multidimensional	search	space.	Each	of	 them	flies	 in	 the	space	with	a	specific	velocity.	
Every	particle’s	velocity	 is	dynamically	adjusted	according	to	 its	own	flying	experience	
and	 overall	 swarm	 flying	 experience.	 Eventually,	 the	 swarm,	 like	 a	 flock	 of	 birds	
capturing	prey,	will	move	close	to	the	optimized	point	of	the	problem	[22,23].	
	
For	 a	 PID	 controller,	 the	 control	 parameters,	 the	 proportional,	 integral	 and	
derivative	 gains,	 can	be	deemed	as	 the	 three	dimensions	of	 one	particle.	A	number	of	
particles	in	the	problem	space	search	for	their	best	position,	which	means	the	best	gains.	




1 ∙ ∙ 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (7)	
	
The	 overshoot	 Mp,	 rise	 time	 tr,	 settling	 time	 ts,	 and	 steady‐state	 error	 Ess	 are	














































































































	 	 	 	 	 	 	 	





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































response.	 All	 smooth	 inputs	 require	 less	 energy	 consumption	 than	 a	 step	 input.	 The	
ramp	 input	 consumes	 the	 smallest	 energy	 to	 command	 the	 actuator	 from	 one	
configuration	to	the	other.	
7. Steady State Response 
	 	 	 	 Inputs	 with	 different	 magnitudes,	 from	 0.02V	 to	 0.22V,	 were	 applied	 to	 a	












Step	input 21.86% 0.18 3.29 0.081 1.60 
Harmonic 18.23% 0.6 3.99 0.063 0.82 
Cycloidal 19.53% 0.48 3.8 0.061 0.80 
Exponential 18.95% 0.49 3.76 0.067 0.89 



























This	study	has	 investigated	the	effect	of	 the	 input	signal	on	the	dynamic	response	
characteristics	 and	 power	 consumption	 of	 smart	 actuators	 typified	 by	 trilayer	
electroactive	 actuators.	 Under	 open‐loop	 control,	 the	 smooth	 inputs	 of	 ramp,	 cycloid,	
harmonic	 and	 exponential	 functions	 require	 less	 energy	 to	 bring	 the	 actuator	 to	 the	
same	 steady‐state	 configuration,	 and	 make	 the	 actuator	 show	 a	 slightly	 better	
performance,	compared	to	a	step	input.	Consuming	less	electric	energy	or	power	has	a	
direct	 effect	 on	 enhancing	 the	 operational	 life	 of	 these	 actuators.	 Under	 a	 simulated	
feedback	control	approach	(SFC),	as	a	result	of	 the	controlled	 input	voltage	applied	on	
the	conducting	polymer	actuators,	these	favorable	characteristics	are	even	more	obvious.	 	




out	of	 the	PPy	 layers,	rather	than	congesting	the	 interface	between	the	PPy	 layers	and	
the	 PVDF	 layer	 under	 a	 sharp	 and	 instantaneous	 energy	 input	 such	 as	 a	 step	 input.	
Under	a	step‐like	input,	the	anions	are	driven	to	move	into	the	porosities	in	the	oxidized	
PPy	 layer,	 but	 there	 is	 a	 limit	 to	 the	 number	 of	 ions	 that	 can	 be	 passed	 through	 the	
porosities	inside	the	PPy	layer	to	generate	the	volume	expansion.	As	a	result,	a	smooth	





response	 of	 the	 conducting	 polymer	 actuators	 but	 do	 not	 affect	 their	 steady‐state	
response.	 Future	 work	 will	 focus	 on	 (i)	 quantifying	 how	 much	 improvement	 can	 be	
made	 in	 the	 operational	 life	 of	 these	 actuators,	 and	 (ii)	 shaping	 multi‐piece	 input	
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